Abstract Here we present a long-term (1850-2200) best estimate of Greenland ice sheet (GrIS) freshwater runoff that improves spatial detail of runoff locations and temporal resolution. Ice discharge is taken from observations since 2000 and assumed constant in time. Surface meltwater runoff is retrieved from regional climate model output for the recent past and parameterized for the future based on significant correlations between runoff and midtropospheric (500 hPa) summer temperature changes over the GrIS. The simplicity of this approach enables assimilation of meltwater runoff into coupled climate models, which is demonstrated here in a case study with the medium-resolution (1 ∘ ) Community Earth System Model. The model results suggest that the decrease in Atlantic Meridional Overturning Circulation (AMOC) is dominated by warming of the surface ocean and enhanced GrIS freshwater forcing leads to a slightly enhanced (−1.2 sverdrup in the 21st century) weakening of the AMOC.
Introduction
Earth's ice sheets, Greenland (GrIS hereafter) and Antarctica, influence global climate in various ways. Their highly reflective surfaces reduce the Earth's radiation balance [Flanner et al., 2011] , and they impact ocean circulation, both directly, by discharging freshwater [Aagaard and Carmack, 1989] , and indirectly, through their strong control on large-scale atmospheric circulation [Gong et al., 2015] . The volume of ice sheet freshwater forcing (FWF) has increased significantly in the most recent 25 years, both from Antarctica, by enhanced glacier calving and ice shelf melt [Mouginot et al., 2014; Paolo et al., 2015] , and from the GrIS, dominated by an increase in surface runoff [Enderlin et al., 2014; Van Angelen et al., 2013a; Hanna et al., 2013a] . This has not only made the ice sheets into major contributors to recent sea level rise [Rignot et al., 2011; Shepherd et al., 2012; Yi et al., 2015; Hanna et al., 2013b] but also altered the freshwater budget of the surrounding oceans and therewith the ocean circulation and ecology [Bamber et al., 2012; Meredith et al., 2010] . The input of cold freshwater limits vertical mixing processes in the upper ocean [Schmittner et al., 2005] , which drive the meridional ocean heat transport cells such as the Atlantic Meridional Overturning Circulation (AMOC), which in turn strongly moderate climate in the densely populated midlatitude regions such as western Europe [Sutton and Hodson, 2005; Sutton and Dong, 2012] .
It remains uncertain to what extent GrIS FWF increase has contributed to observed changes in ocean dynamics and recent AMOC weakening [Rahmstorf et al., 2015] . Direct oceanic observations of the AMOC only started in 2004 [Rayner et al., 2011] , a period that is too short to separate internal from forced variability [Roberts et al., 2014] . To assess the long-term impact of GrIS FWF on global climate, a coupled ice sheet-ocean-atmosphere model setup is required. However, even state-of-the-art climate models from the most recent Intergovernmental Panel on Climate Change Coupled Model Intercomparison Project Phase 5 (CMIP5) modeling effort fail to realistically represent GrIS surface mass balance (SMB) processes [Cullather et al., 2014] and do not explicitly include FWF from changes in iceberg calving (i.e., ice dynamics). Most models use a mass conservation approach to estimate ice sheet mass change: the mass gained through snowfall at the ice sheet surface is matched by an equivalent mass loss, prescribed as runoff along the ice sheet periphery. Existing assessments of the impact of GrIS FWF on regional and global climate have been limited to low-resolution [Swingedouw et al., 2006; Mikolajewicz et al., 2007; Ridley et al., 2005] , intermediate-complexity [Fichefet, 2003; Kuhlbrodt et al., 2009] or ocean-only [Weijer et al., 2012; Den Toom et al., 2014] models. Moreover, FWF (left) Reconstruction and future evolution of GrIS runoff (bars) and glacier discharge (circles): (middle) RCP2.6 and (right) RCP8.5∕4 × CO 2 . The background on the maps shows the basin and ice sheet delineation (grey lines) and the Greenland continental extent derived from the Greenland Ice Mapping Project (GIMP) data set prescribed to these models is usually highly idealized, i.e., without interannual or seasonal variability and uniform along the ice sheet margins [Jungclaus et al., 2006; Swingedouw et al., 2014] .
Here we use a combination of observed GrIS ice discharge and simulated surface runoff, the latter regressed to changes in midtropospheric temperatures [Fettweis et al., 2013a] , to construct a best estimate of past, present and future Greenland ice sheet freshwater forcing (1850-2200) that includes the significant seasonal to interannual variations in runoff and spatial variations in both runoff and glacier discharge [Moon et al., 2014] . Next, we apply this freshwater forcing to a CMIP6 generation, atmosphere-ocean coupled climate model for two climate change scenarios, Representative Concentration Pathways 2.6 (RCP2.6) and RCP8.5. Section 2 presents the FWF and the climate model, section 3 discusses the results, and section 4 gives the conclusions.
Methodology

Setup of Freshwater Forcing
The freshwater flux from the GrIS consists of ice flow over the grounding line (solid ice discharge) on the one hand and supraglacial, subglacial, and englacial runoff of liquid water on the other. GrIS ice discharge is constructed following Enderlin et al. [2014] , who used remote sensing techniques to estimate discharge from 178 individual GrIS glaciers for the period 2000-2012 (Figure 1 ). In this study we focus on variability in runoff and assume solid ice discharge to be constant in time, which is motivated by relatively small intra-annual variations in glacier velocities [Moon et al., 2014] , the large and spatially asynchronous interannual variations in ice discharge in the 2000-2012 period [Enderlin et al., 2014] , and the relatively short time period of observations, which prevents assessment of long-term trends . Although GrIS ice discharge estimates for 1996 were ∼30 Gt yr −1 lower than the 2000 estimates [Rignot et al., 2008] , we cannot assess whether the 1996 values are representative of long-term mean iceberg calving rates of the preceding decades [Jiang et al., 2010] . Figure 1 shows that the highest discharge values are found in west Greenland, with Jakobshavn Glacier discharging ∼53 Gt yr −1 , and southeastern Greenland, with several glaciers that discharge >20 Gt yr −1 [Enderlin et al., 2014] .
To reconstruct past, present, and future GrIS freshwater forcing originating from meltwater runoff, we use output of the high-resolution (∼11 km) regional atmospheric climate model RACMO, version 2.1 (RACMO2 hereafter). RACMO2, forced by ERA-Interim fields at its lateral boundaries (RACMO2-ERAI, 1960 , realistically simulates present-day GrIS climate [Ettema et al., 2010; Lenaerts et al., 2014] and SMB [Van Angelen et al., 2013a] . To simulate a future warming scenario, RACMO2 was forced by atmospheric fields of the general circulation climate model HadGEM2-ES (RACMO2-HG, 1971-2100). RACMO2-HG was forced by the midway future climate change scenario RCP4.5. We refer to Van Angelen et al. [2013a , 2013b for a detailed evaluation and analysis of RACMO2-ERAI and RACMO2-HG, respectively.
To represent the strong spatial variations in meltwater runoff over the GrIS [Van Angelen et al., 2013a] , we subdivide the GrIS in eight basins (Data Set S1 in the supporting information, [Wouters et al., 2008] ) and calculate past runoff from RACMO2-ERAI (1960 for each basin. Note that we also include runoff from the melting of seasonal snow covering the tundra area that surrounds the GrIS in our calculations. Prior to 1960, we lack data on surface runoff, especially on the glacier catchment scale [Box, 2013] . Therefore, we assume that GrIS runoff in the period 1960-1989 was representative for the years 1850-1959, in line with the results from Box [2013] , and that the 1960-1989 time series of annual runoff obeys a normal distribution.
To deduce a general parameterization for future GrIS runoff, we use the RACMO2-HG output. RACMO2-HG not only realistically represents the present-day climate of the GrIS, it also considers the important buffering effect of meltwater refreezing and retention in liquid form within the GrIS snowpack Forster et al., 2014] . Next we correlate the RACMO2-HG annual surface runoff to simulated midtropospheric (500 hPa) summer (June-July-August) temperature anomalies (with respect to the period 1971-2000 ), for each of the eight basins (referred to as T500). The factors of the polynomial fits are given in Data Set S2. T500 is a commonly used proxy for the large-scale atmospheric state, not significantly affected by local surface processes, and readily available from all climate model output archives. Figure 2 shows a significant correlation between runoff and T500 for all basins, with the squared correlation coefficient (R 2 ) and the root-mean-squared error >0.8 and < 30 Gt for all basins, respectively. While RACMO2-HG simulates a 21st century T500 increase of ∼5 K within each basin, the surface runoff response to this warming strongly varies from basin to basin. The strongest nonlinear response of runoff is found in northern and northeastern Greenland (basins 1 and 2) and, in particular, southwestern Greenland (basin 6). This is in agreement with Tedesco and Fettweis [2012] , who consistently found the highest sensitivity of surface runoff to near-surface temperature increase in the northeast and southwest in various climate models and climate change scenarios. These regions are most sensitive to future warming because they have the highest relative coverage of ablation zone, where meltwater runs off directly. In other regions, a higher fraction of meltwater refreezes, buffering the runoff.
Although we only use a single regional climate model simulation to derive the robust, stronger-than-linear relation between T500 and runoff, it appears to be general for a wide range of scenarios [Tedesco and Fettweis, 2012; Fettweis et al., 2013b] . It allows us to determine second-order polynomials for each basin (Figure 2) , which can then be applied to a T500 time series from any existing climate model in order to construct a GrIS runoff time series. Here we use T500 from the Community Climate System Model version 4 simulation, spanning until 2200 [Meehl et al., 2013] , driven by two differing CMIP5 climate change scenarios ( Figure S1 ). In the RCP2.6 scenario, global emissions are strongly suppressed in the 21st century, leading to a modest warming over the GrIS until 2100 (∼2 K), and a gradual cooling toward present-day temperatures afterward. In the RCP8.5∕4 × CO 2 scenario, contemporary emission increases are sustained, strongly increasing atmospheric temperatures, especially above Greenland (∼5 K warmer in 2100). From the year ∼2120 onward, the original RCP8.5 scenario is modified: greenhouse gas emissions are suppressed, and atmospheric CO 2 concentrations level off at 4 times the preindustrial levels (∼1300 ppmv), leading to a continuously high GrIS runoff until 2200.
We choose these future greenhouse gas scenarios because we are not only interested in the response of the AMOC to a future increase in GrIS runoff but also if/how the AMOC recovers when GrIS runoff stabilizes at either near present-day values (RCP2.6) or considerably higher values under strong warming conditions (RCP8.5∕4 × CO 2 ).
Apart from considering spatial and interannual variability in GrIS runoff, we also introduce a seasonal cycle at monthly time resolution, with a runoff peak in summer and little to no runoff in winter. This seasonal cycle is determined from the mean RACMO2-ERAI seasonal cycle for the period 1960-2012, which is then normalized and scaled with the annual runoff for each individual year in the final 1850-2200 time series.
Climate Model Simulations
Here we use the coupled land-atmosphere-ocean climate model Community Earth System Model (CESM, version 1.1.2) with a horizontal resolution of ∼1 ∘ , which has been set up similarly to the CESM simulations for CMIP5 [Meehl et al., 2013] but is updated to a more recent model version, similar to the CESM Large Ensemble [Kay et al., 2014] but with a different ozone forcing [Marsh et al., 2013] . The ocean in CESM, simulated by the Parallel Ocean Program ocean model, is initialized after running a control simulation with constant preindustrial forcing for 1500 years, similar to the CESM-Large Ensemble [Kay et al., 2014] , to ensure that the deep ocean is in equilibrium with the preindustrial climate. Next, CESM is used to simulate six different scenarios: two historical simulations , one with (FWF-hist) and one without (NOFWF-hist) our reconstructed FWF, and four future simulations, forced by the RCP2.6 and RCP8.5∕4 × CO 2 future emission scenarios, and each with (FWF) and without (NOFWF) the FWF corresponding to the same scenario (see section 2.1). In the NOFWF simulations, we allow CESM to calculate its own ice sheet freshwater forcing according to the original formulation. This means that CESM generates liquid freshwater through surface runoff, whereas solid ice discharge, in absence of ice dynamics, is set equal to the precipitation that falls on the ice sheet and is not stored in the snow model; this amount is then instantaneously discharged into the nearest ocean grid point. In the FWF simulations, we assimilate our best estimate of GrIS freshwater forcing to the ocean grid points fringing the ice sheet. For solid ice discharge, we assign each glacier discharge flux to the nearest ocean grid point. At each 15 min model time step, liquid freshwater (i.e., runoff ) is distributed evenly in all grid cells along each individual basin, and assimilated into CESM. Although it is not part of this study, note that we also assimilate FWF from the Antarctic ice sheet on subice sheet scale, following Depoorter et al. [2013] .
Results
The spatial and temporal variability of the reconstructed GrIS runoff are depicted in Figures 1 and 3a , respectively. Before 1990, the GrIS freshwater forcing generated internally by CESM (1041±78 Gt yr −1 in NOFWF-hist) compares with the assimilated GrIS FWF within the uncertainties (965 ± 31 Gt yr −1 in FWF-hist). This confirms that CESM is able to reasonably resolve contemporary GrIS climate, although the slightly higher FWF in CESM is related to an overestimation of solid precipitation on the GrIS in the model. RACMO2-ERAI derived runoff varies between 30 Gt yr −1 in the northernmost basins to 130 Gt yr −1 in basin 6 (southwest Greenland). From the 1990s onward, our GrIS FWF estimates start to diverge from the CESM FWF estimates (Figure 3a) . In 2012, when the GrIS experienced an exceptionally warm summer, runoff was particularly high (>200% higher than the 1960-1989 mean) in the basins in west Greenland (basins 1, 6, 7, and 8) and only marginally higher than normal in east Greenland. The 2012 runoff peak was driven by anomalously strong heat and moisture advection toward west Greenland, enhancing surface melt and runoff [Fettweis et al., 2013a; Neff et al., 2014; Hanna et al., 2014] .
The assimilated GrIS FWF in 2012 (equal to 1347 Gt) is the highest of the historical period. Our results indicate that annual GrIS FWF at the end of the 21st century will typically exceed that of 2012, both in the RCP2.6 scenario (1366±97 Gt yr −1 in 2070-2099) but particularly in the RCP8.5∕4×CO 2 scenario (1994±201 Gt yr −1 ). The highest relative runoff increase in both scenarios is found in southwest and east Greenland (Figure 1 ), the regions with the highest sensitivity of runoff to summer temperature increase (Figure 2 ). The resulting surface runoff anomaly in 2100 (∼950 Gt yr −1 higher than in 2000) compares well with the recent estimate of ∼950 Gt yr −1 [van den Berk and Drijfhout, 2014] and is within the range of regional climate model output driven by various CMIP5 models (600-1200 Gt yr −1 Van Angelen et al., 2013b] ).
In the RCP2.6 scenario, the runoff increase levels off after the year ∼2050 and runoff even slightly decreases throughout the remainder of the 21st and 22nd centuries. In the RCP8.5∕4 × CO 2 scenario, runoff steadily increases until ∼2120, after which GrIS summer temperatures do not increase anymore, and FWF stabilizes at 2426 ± 102 Gt yr −1 in the period 2170-2199. Noteworthy is the much higher interannual variability of freshwater forcing in the RCP8.5∕4×CO 2 scenario relative to the RCP2.6 scenario, in response to higher interannual melt variations in a warmer climate [Fyke et al., 2014] . Since we impose a seasonal cycle to the runoff, the summer freshwater forcing becomes very strong; for instance, the ∼700 Gt runoff in July (inset in Figure 3a) is equivalent to ∼0.27 Sv (sverdrup), which approximates typical idealized GrIS freshwater forcing used in GrIS hosing studies (0.1-0.5 Sv [Weijer et al., 2012] ). In contrast, none of the NOFWF scenarios show a strong increase of GrIS FWF (Figure 3a) into the future, because CESM, similar to other CMIP5 climate models, does not allow the Greenland ice sheet to change mass in response to increasing temperatures. The slight freshwater increase in the 21st century in the NOFWF simulations is caused by enhanced precipitation on the GrIS and by melting the shallow model snowpack [Vizcaíno et al., 2013] along the GrIS margins.
Next we examine the response of the simulated AMOC to predicted GrIS FWF (Figure 3b ). In the historical period, the AMOC strength is comparable between the NOFWF and FWF runs (19.7 ± 0.8 Sv in 1850-2005), somewhat larger than observational estimates. Our simulations show a 1-2 Sv weaker AMOC compared to the CESM Large Ensemble of 30 members [Kay et al., 2014] and are more in line with the observed AMOC strength along the RAPID array (16.9 ± 1.8 Sv [McCarthy et al., 2015] ). The difference in AMOC strength between our Figure 3a ) and 2070-2099 (period 3 in Figure 3a) for the four future simulations and (right) the differences between FWF and NOFWF for both scenarios.
results and the CESM Large Ensemble is not explained by differing GrIS FWF forcing (Figure 3a ) but could be due to differences in the ozone forcing [Kay et al., 2014] .
From the late 1990s onward, all simulations show a linear decrease of annual mean AMOC strength. The decline slows down after 2050 in RCP2.6 but continues in RCP8.5∕4 × CO 2 until ∼2130. The small differences between the FWF and NOFWF simulations in both scenarios indicate that the rate of AMOC slowdown is not greatly/strongly affected by enhanced GrIS FWF but is dominated by ocean surface warming, which increases ocean stratification and reduces vertical mixing. The AMOC slowdown occurs slightly, but significantly (95% confidence interval) faster in the FWF simulations; the AMOC decreases in the 21st century with 112 ± 2 mSv yr −1 in the FWF-RCP8.5∕4 × CO 2 simulation and 100 ± 2 mSv yr −1 in NOFWF-RCP8.5∕4 × CO 2 . Consequently, the 12 Sv AMOC level is reached 10 years earlier in FWF-RCP8.5 (2074 versus 2084 and the 7 Sv level 11 years earlier (2122 versus 2133). After stabilizing CO 2 levels (around 2130), AMOC quickly stabilizes as well to a shallow AMOC cell reaching a depth of 1500 m compared to 3000 m in the historical simulations. In the RCP2.6 scenario, the AMOC partly recovers after ∼2040 in the NOFWF simulation, whereas AMOC keeps decreasing in the FWF simulation until ∼2080, before also partly recovering in the 22nd century and reaching the same levels as NOFWF in ∼2100.
The largest impact of GrIS FWF on the AMOC is simulated at the end of the 21st century. Since it is hypothesized that AMOC weakening increases the potential of cold winters in western Europe [Blaker et al., 2014; Bryden et al., 2014] , we analyze the impact of additional GrIS FWF on wintertime (December-January-February) near-surface (2 m) air temperature changes around Greenland, in the Atlantic Ocean, and western Europe in the period 2060-2089, relative to the present day (Figure 4) . In all scenarios, we see markedly different patterns of near-surface temperature change, with the highest (>6 K) increase in the high-latitude Arctic, as well as along the coasts of Greenland, which are sea ice-covered areas in the present day but projected to be sea ice free in the second half of this century, even in winter. Much smaller temperature increases, with even some areas of temperature decrease, are found over the Atlantic Ocean southeast of Greenland, in the area of most vigorous deep water formation. In this region, future AMOC weakening leads to less oceanic heat transport across the Atlantic and a regional decrease of surface temperatures that can offset the overall global warming signal, as may have been observed in the twentieth century [Rahmstorf et al., 2015] . The overall warming patterns are qualitatively similar, but amplified in RCP8.5∕4 × CO 2 compared to RCP2.6. If we then compare the FWF and NOFWF experiments, we see an enhanced cooling signal in the Atlantic Ocean, and less warming (∼1-2 K) over Greenland itself and over parts of western Europe. We find similar patterns in spring and less prominently in summer and autumn. These results suggest that enhanced GrIS freshwater forcing, through 10.1002/2015GL064738 a slightly and temporary (∼10 years) enhanced AMOC weakening, reduces future warming in the Atlantic Ocean. This mechanism might not only temporarily reduce future GrIS melting [Vizcaíno et al., 2008] but could also affect winter climate of western Europe.
Conclusions
We present a method to include past, present, and future GrIS FWF in coupled climate models, to overcome their limited ability to directly simulate ice sheet FWF. Past and present solid ice discharge and runoff are inferred from observations and regional climate model simulations, respectively. For future runoff, we use robust correlations between GrIS summer temperatures at 500 hPa and annual runoff at drainage basin scale.
The calculated future GrIS FWF is associated with very large uncertainties. First, the evolution of GrIS solid ice discharge is highly uncertain, and we decided to keep this source of FWF constant rather than extrapolating recently observed trends. A technique relating ice discharge to surface runoff [Bamber et al., 2012] might be appropriate for decadal projections but is likely less relevant for multicentury projections as presented here [Vizcaíno et al., 2015; Goelzer et al., 2013] . We showed that runoff is highly correlated to midtroposphere temperature; although this relation appears to be general in climate model projections , these relations are also associated with model and scenario inherent uncertainties. For example, the T500 anomalies used for our polynomial fits do not exceed 6 K, while the RCP8.5∕4×CO 2 yields higher-temperature anomalies. Moreover, our method does not consider changes in GrIS topography or extent and their impact on GrIS FWF. These effects, however, appear to be overshadowed by the direct impact of atmospheric warming, especially in strong warming scenarios [Fürst et al., 2015; Vizcaíno et al., 2015] .
This method offers high temporal (daily) and spatial (glacier/drainage basin) detail and is simple to implement; it can be applied in every climate model, regardless of resolution or scenario, to study the impact of GrIS FWF. A community-based model intercomparison project (AMOCMIP) is currently ongoing, in which this method, driven by the CMIP5 mean T500 change, is applied to several state-of-the-art climate models.
Here we apply our FWF method to the Community Earth System Model (CESM). Our model output suggests that even for a strong warming scenario, enhanced GrIS FWF advances the timing of AMOC weakening but that the overall impact on AMOC stability is small. This finding agrees with existing model assessments [Swingedouw et al., 2014] . In the CMIP5 multimodel ensemble, all models show a weakening of the AMOC in the 21st century [Weaver et al., 2012] , while none of these models allows for GrIS melting in the future. In CMIP5, AMOC weakening is dominated by ocean surface warming and sea ice melting in the North Atlantic [Jahn et al., 2012] ; in this group of models, CESM seems to be the most sensitive.
With its medium-coarse resolution of ∼1 ∘ , the current run with CESM does not explicitly resolve ocean eddies. Ocean resolution determines the pathways of freshwater and influences the transient response of the AMOC to additional freshwater flux around Greenland [Weijer et al., 2012] . A forthcoming study will analyze the output of an eddy permitting and coupled version of the CESM (horizontal resolution of ∼0.1 ∘ ), forced with the same GrIS FWF as the medium-resolution CESM presented here.
